are found in all of the 20 cases within this study, which suggests that they are a common phenomenon in X-class flares and are probably produced by the same mechanism that creates coronal rain.
the magnetic structures related to DPFLs. The standard SDO routines (aia prep.pro and hmi prep.pro) in the Solar SoftWare (SSW) were used to convert level 1 data to level 1.5.
The time-series data on the disk used here were corrected for the solar rotation.
Results

DPFLs on disk
On 2012 March 7, two X-class flares happened in AR 11429. The first one (X5.4) took place at the northeastern part of the AR at 00:02 UT and the second one (X1.3) erupted at 01:05 UT in southwest. The X5.4 flare was an eruptive flare with a typical two-ribbon structure. Figure 1a shows the bright flare ribbons at 00:06 UT in the 171Å channel on SDO/AIA with the contours of longitudinal magnetic fields (±1000 and ±1500 G) in blue and red colors. The east and the west flare ribbons were located in the negative magnetic polarity (blue) and the positive magnetic polarity (red), respectively. The flare ribbons behaved as bright patches because of saturation at the flare peak time 00:24 UT. About 19 minutes later, the DPFLs, the dark and loop-like features, gradually became clear among bright patches of the flare (see Figure 1b) . Seven identified DPFLs (D54, D56, D57, D59, D62, D66, and D70) at 02:44 UT are indicated by yellow dotted curves in Figure 1c , and multiple DPFLs were frequently observed in different loops during the evolution of the PFL system. After a four-hour evolution and expansion, the PFLs became dispersed and finally disappeared within half a day (see the associated movie).
We tracked each identifiable DPFL of the X5.4 flare from ∼00:50 UT, when the first one appeared, to ∼04:50 UT, when the last one disappeared, in the 171Å channel. A total of 120 DPFLs were identified during these four hours. We measured the EUV brightness of the DPFLs almost simultaneously in the 304, 171, 193, in Figure 1c , we chose a small area, the background region (BG), which is without any significant coronal loops. Compared to bright loops, a DPFL is a dark structure, but it is still brighter than the background. For example, the brightness of a typical DPFL (D46) was only about one-fifth of that of a bright PFL (B1) in each of the four channels. However, D46 was eight times brighter than the background region (BG) and had a similar brightness as that of a fan-like loop (F1) in each of the four channels.
The evolution of D46 is shown in Figures 1 (d-f) , with the same field of view outlined by the green dashed box in Figure 1c . D46 formed after a bright knot appeared near the top of the PFLs (see the small box in Figure 1d ). As dark downflows fell down, the shape of D46 changed dramatically and stretched to the western footpoint of the PFL. At 02:34 UT, the projected length of D46 was about 44 Mm. It shortened from the top of the loop and eventually disappeared about 7 minutes later (see Figure 1f ).
It is noteworthy that the DPFLs contained tiny structures. A space-time plot was made through a slice (A-B) along the centerline of D46 (see Figures 1e and g ). The dark lines in Figure 1g show some blob-like falling features which were even darker than the other parts of D46, and the size of the blob-like features were close to one pixel (∼ 435 km) in the image. The apparent velocity (projected in the plane of the sky) of the blob-like features was 81 km s −1 as shown by the dashed line in Figure 1g . halves of the loop in the multiple EUV channels may reflect the longitudinal differences of the temperature and density in the loop. It is particularly difficult to detect the upper part of the DPFL in the 94Å channel (log T = 6.8), which may indicate that it had been cooled below the range of temperature response in the AIA 94Å channel. Figure 2h shows the normalized EUV brightness variation along the slice C-D in the seven channels. In the 171, 193, and 211Å channels, the brightness of D46 was less than half of that of its surroundings, which made D46 appear clearly and become more easily identifiable in these channels than in the other channels. and 211Å channels. Roughly, fewer sample numbers of a channel means that it is harder to find a specific DPFL in the channel. We found that the average widths are increasing with the characteristic temperatures in the first four AIA channels, 304, 171, 193, and 211 A, but the difference of widths among the different channels was within the range of the standard deviations. This rising trend was discontinued in the remaining two channels.
The width of the AIA 335Å channel was slightly less than that of the 211Å channel, and the width in the 131Å channel was less than those of the other five channels. The 131
A channel contains both high and low temperature components, which may explain its small width, large deviation, and small sample number. The difference in images, widths, and sample numbers may suggest that the DPFLs have a transverse multi-temperature structures within a specific temperature range. The width in the last row, 1022 ± 339 km, was measured manually as a reference, which reveals that the automatic widths were systematically larger than the manual widths. The sample numbers from the automatic procedure were also less than that of the manual procedure, which show that the manual procedure is important when deal with the complex situation of some DPFLs.
In addition to the width, we made statistical analyses for other characteristics of illustrates that one-third of the DPFLs had a typical lifetime of about 6 minutes and the average lifetime was 10.0 ± 5.5 minutes.
DPFLs on limb
Solar limb events give us another viewpoint to check the properties of DPFLs. On the east solar limb, an X4.9 flare erupted in AR 11990 at 00:39 UT on 2014 February 25. The X4.9 flare was a typical eruptive event with peak time at 00:49 and end time at 01:03 UT.
Figures 4 (a-c) show the evolution of the flare event in the AIA 171Å channel. After the flare erupted, a filament rose slowly at 00:42 UT, and then the overlying loops opened in the field of view after the filament's quick eruption at 00:45 UT. At the same time, flare ribbons appeared and became saturated, owing to high energy in the AIA 171Å channel. When the saturation started to disappear, the first DPFL appeared around 01:10 UT. Figure 4b shows that some DPFLs can be clearly identified in the PFL system at 01:37 UT. Most of DPFLs disappeared before 03:10 UT, and the whole PFL system dispersed at ∼04:00 UT.
Figures 4 (d-f) display the evolution of a typical DPFL on the solar limb, with the same field of view outlined by the green dashed box in Figure 4c . Similar to the on-disk case, the DPFL appeared after a bright knot near the top of the PFLs (see the small box in Figure 4d ). Then the DPFL stretched to the western footpoint as downflows fell down (see Figure 4f ). About 10 minutes after the DPFL appeared, it shortened and eventually disappeared. A slice (E-F) along the centerline of the DPFL is used to make a space-time plot (see Figure 4g ). The dotted lines in Figure 4g show that a blob-like feature in the DPFL was accelerated from ∼45 km s −1 to ∼107 km s −1 . Some dark lines parallel to the dotted lines show the other earlier or later blob-like features in the same DPFL and indicate similar velocities. As shown in Figure 5a , bright PFLs were expanded above the solar limb, and a cusp was located above the PFLs in the AIA 131Å channel. Some high-speed falling features, which were also above the PFLs, were observed around the cusp in high corona. The DPFLs in the 171Å channel were clearer than those in other channels (see the dotted line in Figure 5b ). The DPFLs and the high loops were weak in the cool 304 image (log T = 4.7)
from the side view in Figure 5c .
We studied the evolution of loop structures at different heights using a slice (G- In these two channels, the evolution of loop structures is distinct at different heights.
In the high corona, loops shrank and oscillated along the slice, and the amplitude of the Besides the distinctions, we also found some connections between different heights and channels. The erupting filament appeared in both the 131 and 171Å channels. Furthermore, the evolution of the DPFLs is related to the movement of the PFL system. The DPFLs in the 171Å channel started to appear when the V a in the 131Å channel turned to the opposite direction at ∼01:10 UT (see the point P in Figure 5d ). Most DPFLs disappeared around 03:10 UT, when V a was approximately zero and the top of the PFLs was close to the dividing line K-L. On the other side of the dividing line, falling features in the 131Å channel decelerated as they get closer to the dividing line. After the effect of solar rotation was removed, we found that the height of the dividing line was not change with time.
Cooling process of DPFLs
As mentioned above, DPFLs are derived from the cooling process of a PFL system which mainly includes two mechanisms, conduction and radiation. We can determine which mechanism predominates by respectively calculating the conductive and radiative cooling time (Shimojo et al. 2002) . The conductive cooling timescale (τ cond ) of the loops is calculated by
where k B = 1.38 × 10 −16 erg K −1 is the Boltzman constant and κ 0 = 9.2 × 10 −7 erg s −1 cm −1 K −7/2 is the thermal Spitzer conductivity coefficient (Spitzer 1962) . T , n e , and L are the temperature, electron density, and half-length of loops, respectively. Table 3 gives some previous results of the temperature, electron density, half-length, cooling time, and ascending velocity of PFLs. Since values of physical parameters (T , n e , and L) depend on observational wavelengths and change greatly during a flare process (Kamio et al. 2003 ), here we select T = 1 × 10 6 K and n e = 1 × 10 10 cm −3
based on the references in Table 3 and the characteristic temperature of the AIA 171Å channel (Lemen et al. 2012) . We choose L = 2.5 × 10 9 cm as a lower limit value of L to get a lower limit of τ cond . By substituting the parameters to Equation 1, we obtain τ cond = 2.8 × 10 4 s, which is still longer than the duration of the flare process.
On the other hand, under the hypothesis of full ionization and with the piece-wide power law approximation from Rosner et al. (1978) , the radiative cooling timescale (τ rad ) is determined by
where Λ 0 = 1.2 × 10 −22 erg s −1 cm 3 is the radiative loss rate at 1 × 10 6 K (Aschwanden 2004 ). The result is τ rad = 345 s. In Section 3.1, we found that the DPFLs have a typical lifetime of 6 minutes, which is close to τ rad .
Moreover, it was found that the cooling time can be estimated by using the velocity and the width of the flare ribbons (Švestka et al. 1982; Priest & Forbes 2002) . The PFLs are observed expanding in a particular wavelength during the cooling process. Schmieder et al. (1995) suggested that the cooling time of loops is approximately equal to the characteristic growing time of PFLs. So we can estimate the cooling timescale in a particular wavelength by using the movement of PFLs. The cooling timescale (τ cr ) is estimated by
where W is the width of the loop and V a is the ascending velocity of the PFLs. In this work, W = 1022 km and V a = 3.7 − 1.2 km s −1 , and we obtain τ cr ≈ 276 − 852 s, which reflects a combination of the two cooling mechanisms in the AIA 171Å channel. The results show that lifetime and τ cr are comparable with τ rad but are much less than τ cond . Therefore, the cooling process of DPFLs is dominated by the radiation and the conductive cooling for DPFLs can be neglected during the decaying phase of an X-class flare. 
DPFLs of X-class flares
Discussions and Conclusions
Using the EUV observations from SDO/AIA, we studied DPFLs in eruptive flares and The authors gratefully thank the anonymous referee for insightful comments that helped us make a significant improvement of the manuscript. We also sincerely thank Prof.
M. Zhang for fruitful advice and discussions that improved this work. We appreciate Prof. Lemen et al. (2012) .
b The widths are calculated automatically and measured manually, respectively. Table 3 : Previous results of the temperature (T), electron density (n e ), half-length (L), cooling time (τ ), and ascending velocity (V a ) of PFLs. 
